We report on the replication of herpes simplex virus type 1 (HSV-1) and viral glycoprotein processing in RicR14 cells, a mutant ricin-resistant cell line defective in N-acetylglucosaminyl transferase I activity. In these cells HSV-1(MP) and (F) replicated to yields very similar to those in parental BHK cells. The kinetics of HSV-1 adsorption in mutant and in parent cells was also essentially identical. Progeny virions from ricin-resistant and wild-type cells displayed comparable specific infectivities. However, in the mutant cells the efficiency of plating of progeny virus from both RicR14 and BHK cells was reduced. HSV-1(MP) failed to induce syncytia in RicR14 cells either in a plaque assay or after a high-multiplicity infection. Moreover, the fully glycosylated forms of glycoproteins (gB, gC, and gD) were totally absent, and only the partially glycosylated precursors (pgC, pgD, and a triplet in the gB-gA region) accumulated in HSV-1-infected ricin-resistant cells and in herpesvirions made in these cells. Consistent with these results analysis of pronase glycopeptides from cells labeled with ['4C]glucosamine showed a strong decrease of sialylated complex-type oligosaccharides and a dramatic accumulation of the neutral mannose-rich chains. The latter chains predominate in partially glycosylated precursors, whereas the complex acidic chains predominate in the fully processed forms of HSV glycoproteins. These results taken together indicate that (i) host-cell N-acetylglucosaminyl transferase I participates in the processing of HSV glycoproteins; and (ii) infectivity of herpesvirions does not necessarily require the mature form of gB. The absence of HSV-1(MP)-induced fusion in RicR14 cells is discussed.
Herpes simplex viruses (HSV) specify the synthesis of at least four antigenically distinct glycoproteins, designated gB, gC, gD, and gE (4, 34) . A fifth glycoprotein designated gA (46) was later shown to be antigenically related to gB, and a precursor-product relationship has been proposed (10) . In the infected cells both the fully glycosylated forms of glycoproteins (gB, gC, gD, and gE) and their partially glycosylated precursors (pgB, pgC, pgD, and pgE) are present. Like the majority of N-linked glycoproteins (31) , HSV glycoproteins appear to contain two classes of oligosaccharide chains: (i) mannosylrich neutral chains containing mannose and Nacetylglucosamine (GlcNAc) residues, and (ii) acidic complex-type chains that contain an oligomannosyl core and sialic acid-galactoseGlcNAc "antennae" (8, 11, 22, 38, 45) . Neutral oligosaccharides are present in the glycoprotein precursors (37, 45) , whereas the acidic complextype chains are predominant in the mature forms of glycoproteins (11, 37, 45) . Besides N-linked oligosaccharides, glycoproteins gA, gB, and gC seem also to contain 0-linked chains (34) .
Studies done with a temperature-sensitive mutant of HSV type 1 (HSV-1) designated tsB5 and with some of its recombinants and revertants showed that the mature form of gB plays an essential role in virion infectivity and in virusinduced cell fusion (19, 28, 43) . gC is not essential for the infectivity of HSV-1 virions, and it has been suggested that it modulates or prevents fusion in HEp-2 cells (28) . The function of gD and gE in viral replication is unknown.
Knowledge on the glycosyl transferases involved in the synthesis of the oligosaccharide chains of HSV glycoproteins is lacking. It is not even known whether these enzymes are coded by the host cell or, at least in part, by the virus itself. Cell mutants with defective glycosyl transferases provide a means of investigating this point, since it could be predicted that viral glycoproteins should reflect any cellular defects if they are processed via host cell glycosyl transferases.
To pursue studies (i) on the genetic source of the glycosyl transferases active in HSV-1-infected cells and (ii) on the function of carbohydrate moieties of HSV-1 glycoproteins and particularly those of the gB we examined replication, cytopathology, and glycoprotein structure of HSV-1 in RicR14 cells, a mutant clone of BHK cells selected for resistance to ricin (29, 30) . Compared to parent cells, RicR14 cells lack almost completely GlcNAc transferase I (51) , the enzyme which transfers the first GlcNAc residue to mannose-rich oligosaccharides (32) . They also contain impaired levels of GlcNAc transferase II and of sialyl transferase (51) . The deficiency of these enzymes results in the premature termination of N-linked oligosaccharide chains which consequently lack the antennary moieties. This in turn causes a marked loss of cell surface receptors for ricin (29) .
(A preliminary report of this work was presented in the Workshop on Herpesviruses, July 1981, Bologna, Italy.) MATERIALS 
AND METHODS
Materials. Neuraminidase from Vibrio comma (cholerae) was purchased from Behringwerke. Endo-P-Nacetylglucosaminidase H from Streptococcus griseus was supplied from Seikagaku Kogio Co., Tokyo. Pronase (Sigma Chemical Co.) was purified by acetone precipitation (33) . The chemicals used for polyacrylamide gel electrophoresis and Bio-Gel P-10 (100-200 mesh) were obtained from Bio-Rad Laboratories (Milano). DEAE-Sephacel and Dextran T10 were purchased from Pharmacia (Uppsala). ,uCi of 14C-amino acid mixture per ml. At 24 h after infection cells were scraped into the culture media and removed by centrifugation. Polyethylene glycol 6000 was added to culture media to a final concentration of 8% (wt/vol) in the presence of 0.5 M NaCl as described previously (3) . Virion pellets obtained after centrifugation at 30 ,000 x g for 1 h were suspended in phosphate-buffered saline and immediately assayed for the presence of infectious virus on monolayers of HEp-2, BHK, and RicR14 cells. The numbers of plaques scored on HEp-2 and BHK cells were very similar. The trichloroacetic acid-precipitable radioactivity of the virion suspension was also measured. Specific infectivity was expressed as the ratio of PFU to the amount of 14C-amino acids incorporated.
Preparation of radiolabeled cell extracts. Monolayer cultures of RicR14 and BHK cells (2 x 106 to 2.5 x 106 cells per culture) were infected with HSV-1(MP) or (F) at an input multiplicity of 10 PFU/cell. After adsorption for 2 h, the inoculum was replaced with maintenance medium, and cultures were incubated at 37°C. At (20) . The virus band was aspirated into a syringe, diluted with phosphate-buffered saline, and sedimented by centrifugation for 2 h at 25,000 rpm in the SW27 rotor. Electrophoresis of glycoproteins on polyacrylamide gels containing sodium dodecyl sulfate. Pellets offrozen cells or of frozen virions were solubilized with 2% sodium dodecyl sulfate and 5% 2-mercaptoethanol in 0.5 M Tris-hydrochloride (pH 7) and were heat denatured for 2 min, except when otherwise stated. Samples were analyzed by electrophoresis on slab gels containing 8.5% acrylamide cross-linked with N,N'-diallyltartardiamide; radioactive proteins were detected by autoradiography of the dried slab gels as detailed by Sarmiento et al. (43) .
Pronase digestion and gel filtration. The pellet of frozen cells (containing 1 to 2 mg of protein) was suspended in 1 ml of 0.1 M sodium phosphate buffer (pH 7.9), sonicated, dialyzed against the same buffer, and digested with pronase as described previously (45) . The pronase digest was chromatographed on a 1-by 75-cm column of Bio-Gel P-10 (100-200 mesh). TH glycoprotein was used to define the void volume (peak I). The column was calibrated with TH glycopeptide (4,800 molecular weight, peak II) (2), ovalbumin glycopeptide (1,550 molecular weight, peak IV) (11) , Nacetylneuraminic acid, UPD-GIcNAc (peak V), melezitose, and glucosamine (peak VI). After a 72-h pronase digestion the gel filtration profile showed that 20 to 30% of the total radioactivity emerged in the void volume as undigested or partially digested glycoproteins, whereas 65% eluted in peaks II through IV. To obtain a higher yield of glycopeptides retained by the column, the pooled fractions of peak I were lyophilized and digested again with pronase for 48 h (0.1 mg of pronase was added at 0 and 24 h). The second pronase digest was added to the lyophilized pooled fractions from peaks II through IV and rechromatographed on the Bio-Gel P-10 column.
Ion-exchange chromatography. Peaks II and III (fractions 19 through 26) of Bio-Gel P-10 chromatography were pooled, and a 2-ml sample of this pool was subsequently chromatographed on a DEAE-Sephacel column (1 by 15 cm). The column was washed with 10 ml of water and then eluted with a linear gradient of NaCl (50 ml of 0.05 M acetic acid and 50 ml of 0.05 M acetic acid containing 0.5 M NaCi). Details were as previously described (45) .
Enzyme digestions. Digestions with endo-1-N-acetylglucosaminidase H was performed with 0.01 U of the enzyme on 2-ml samples of pooled fractions from peak IV of gel filtration (adjusted to pH 5.5 with citric acid). Incubation was at 37°C for 16 h. Bovine thyroglobulin was digested by incubating 20 mg of the protein with 0.1 U of endo-3-N-acetylglucosaminidase H in 1 ml of 0.1 M citrate buffer (pH 5.5). The release of acid-soluble carbohydrates was measured by the orcinol method (15) as described by Tarentino et al. (50) . Digestion with neuraminidase was performed on 2-ml samples of the various glycopeptides obtained from the DEAE-Sephacel chromatography. Before digestion the glycopeptides were dialyzed against 0.05 M sodium acetate buffer (pH 5.5) containing 0.01 M CaCl2. No radioactivity was lost in this step. Incubation was carried out with 0.1 U of neuraminidase at 37°C for 20 h. After neuraminidase digestion the material was rechromatographed on the same DEAESephacel column, which was washed and eluted as described above.
RESULTS
Replication and adsorption of HSV-1 in RicR14 cells. Table 1 shows the result of a typical experiment in which the yield of infectious HSV-1 in RicR14 cells and in BHK cells was measured. Both HSV-1(MP) and (F) replicated to an equivalent extent in these cell lines. Essentially identical growth rates were also observed in cells infected at low multiplicity of infection (0.1 PFU per cell) (data not shown). Consistent with the results of virus yields, the rates of adsorption of HSV-1 to RicR14 and to BHK cells were essentially similar, and about 50% of the input virus adsorbed to both types of cells in 2 h (data not shown played a reduced efficiency of plating on RicR14 cells as compared with that on BHK cells (Table  3 ). This reduction was not a consequence of a decreased uptake of HSV-1 virions as measured by the kinetics of virus adsorption and probably reflected a restricted transfer from cell to cell of both the fusion-inducing HSV-1(MP) and HSV-1(F). It may result from altered intercellular interactions, since the mutant cells display a somewhat decreased adhesion to one another and to the culture vessels (29) . Cytopathic effects induced by HSV-1(F) and (MP) in RicR14 cells. HSV-1(MP) completely failed to produce syncytia in RicR14 cells. Synchronous infection with HSV-1(MP) (5 to 10 PFU/cell) caused cell rounding. Plaques formed by HSV-1(MP) onto RicR14 cells consisted of small aggregates of round cells (Fig. 1) . It should be noted that fusion occurred when progeny HSV-1(MP) from RicR14 cells was used to infect wild-type cells, indicating that no heritable change had been induced in the virions by the mutant cells. Cytopathic effects induced by HSV-1(F) and the morphology of plaques were very similar in mutant and in wild-type cells, but the plaques were smaller in RicR14 cells (Fig. 1) .
Plaques induced by HSV-1(F) could not be differentiated from those induced by HSV-1 (MP).
Glycoproteins of HSV-1-infected RicR14 cells. Fig. 2 show that in RicR14 cells (i) the fully glycosylated gB, gC, and gD were absent; (ii) their partially glycosylated precursors pgB, pgC, and pgD as well as gA were present, most often in higher amounts than in BHK cells; and (iii) a band with a migration rate intermediate between the mature form of gB and gA was evident, so that in the gB-gA region a triplet was consistently observed. The two proteins of the triplet migrating more slowly exhibited dimeric and oligomeric forms when lysates were not boiled (Fig. 3) Fig. 4 show that HSV-1(MP)-RicR14 virions contained only the partially glycosylated precursors, i.e., the triplet of the gB-gA region and pgD, as the infected mutant cells.
Analysis of glycopeptides from HSV-1-infected RicR14 and BHK cells. Glycopeptides were prepared by exhaustive pronase digestion of sonicated HSV-1(MP)-infected cells which had been labeled with [14C]glucosamine. In previous studies (45) we had shown that pronase digests from HSV-1-infected HEp-2 cells may be separated into six peaks by gel filtration on Bio-Gel P-10; the two major peaks emerged with the 4,800-molecular-weight marker (peak II) and the 1,500-molecular-weight marker (peak IV) and contained acidic and neutral glycopeptides, respectively. When pronase-glycopeptides from HSV-1(MP)-infected BHK cells were analyzed in the same manner the amount of radiolabel emerging in the region of acidic glycopeptides (peaks II and III) was particularly high, whereas nly a flat shoulder was observed in the region of neutral glycopeptides (peak IV) (Fig. 5) . It should be noted parenthetically that the difference in glycopeptide profile between HSV-infected BHK and HEp-2 cells was repeatedly observed; it may be accounted for by a higher ability of BHK cells to yield sialylated complex oligosaccharides (5, 13 ). Since the RicR14 cells exhibit the GlcNAc transferase I deficiency one could predict that HSV glycoproteins from these cells should be lacking the N-acetyl-lactosamine branches and should terminate with mannose-rich chains. This prediction was tested by treating the neutral glycopeptides (peak IV in Fig. 5 ) with endo-,-Nacetylglucosaminidase H, which is specific for large oligomannosyl glycopeptides (four to nine mannoses) (49) . Figure 6 shows the elution position of the neutral glycopeptides treated with the enzyme. No radioactivity was eluted in the original position, but two peaks emerged in the lower-molecular-weight regions, in correspondence with peak V and VI, respectively. Since endo-3-N-acetylglucosaminidase H cleaves in the core structure between the two GlcNAc residues (49), the two products recovered should represent the oligomannosyl moiety plus one GlcNAc and the peptidyl portion containing the other N-linked GlcNAc residue. Accordingly, the amount of radioactivity found in the two peaks was almost identical. To ascertain the elution position of the oligomannosyl moiety, bovine thyroglobulin was digested with endo-p-N-acetylglucosaminidase H and was subjected to chromatography on the same column. The oligomannosyl chain of thyroglobulin (unit A) (50) coeluted with the labeled peak of higher molecular weight (Fig. 6) ; as a consequence the radioactivity emerging in the lower-molecularweight position (mono-trisaccharide markers) represents the N-linked GlcNAc-peptidyl residue. These analyses showed that the predominant glycopeptides from RicR14 cells (peak IV in Fig. 5 ) were all susceptible to endo-p-N-acetylglucosaminidase H, i.e., they were of the mannose-rich type. The characterization of the higher-molecularweight glycopeptides (peak II and III in Fig. 5 ) was performed by ion-exchange chromatography on DEAE-Sephacel. Resolution under these chromatographic conditions reflects differences due mainly to the degree of sialylation and possibly to the amino acid composition of the peptide moiety. Although the pronase digest from infected mutant cells was resolved by the gel filtration into two distinct peaks (peaks II and III of Fig. 5 ) emerging before the mannosylrich glycopeptides, the fractions of peaks II and III were pooled to perform a direct comparison with the broad peak of the corresponding regions obtained from gel filtration of BHK cell digests. The profiles of DEAE-Sephacel chromatography are shown in Fig. 7 . The glycopeptides from infected BHK cells were all absorbed by the column and were resolved by the salt gradient into three peaks: AI, All, and AIII. AIII represented the major peak and was eluted at the highest salt concentration, very likely because of its high degree of sialylation. The DEAE-Sephacel profile of the glycopeptide sample from RicR14 cells was different. (i) Two minor peaks emerged before the acidic glycopeptides; they probably represent mannose-rich glycopeptides larger than those eluted in the gel filtration region of ovalbumin glycopeptide, which is known to contain five mannose residues. (ii) Almost no radioactivity was present in the region of peaks Al and All, whereas AIII glycopeptides were present.
A further characterization of the acidic glycopeptides Al, All, and AIII was obtained by subjecting each glycopeptide to neuraminidase digestion and to subsequent DEAE-Sephacel chromatography. After neuraminidase treatment each one of peaks Al, All, and AIII was split into two peaks: one was unretarded by the column, i.e., contained the desialylated product; the other one emerged in the same position as Nacetylneuraminic acid (Fig. 8) . The amount of label released as sialic acid from Al, All, and AIII was 13, 24, and 40%, respectively, of the i.e., only the partially glycosylated precursors were present. (iv) In HSV-1-infected mutant cells sialylated oligosaccharides were dramatically reduced, and the neutral mannose-rich chains were highly increased, as compared with wild-type cells.
Comparison of the size distribution of glycopeptides with polyacrylamide gel electrophoresis analysis confirms and extends the previous observation (45) that partially glycosylated precursors of herpesvirus glycoproteins contain mannose-rich chains whereas mature forms of HSV glycoproteins mainly contain sialylated oligosaccharides. The presence of large amounts of oligomannosyl units in the glycopeptides from ricin-resistant cells is consistent with the enzyme defect of these cells, namely, with the deficiency of GlcNAc transferase I, since it is well known that the addition of GlcNAc is an essential preliminary step in the branching process of N-linked complex-type oligosaccharides (32) . The reduced amount of acidic oligosaccharides most likely arose because GlcNAc transferase I is greatly reduced, but not totally absent, in RicR14 cells. Ion-exchange chromatography results provide information on the sialylation process of oligosaccharides in HSVtotal radioactivity recovered in each chromatogram. These results indicate that in HSV-1(MP)-infected BHK cells (i) all glycopeptides from peaks II and III of Bio-Gel filtration, which account for most of the radioactivity present in the lysate, are sialylated; and (ii) at least three different degrees of sialylation occur in these complex-type glycans. By contrast, the acidic glycans from HSV-1(MP)-infected RicR14 cells, which are greatly reduced in quantity, do not display any heterogeneity and are only present at the highest degree of sialylation.
DISCUSSION
The results reported in this paper show that (i) the yields of both HSV-1(MP) and (F) from RicR14 cells were very similar to those from BHK cells; the specific infectivities of HSV-1(MP) grown in mutant and wild-type cells were also very similar; however, progeny HSV-1(MP) and (F) from both types of cells plaqued with a reduced efficiency on RicR14 cells. (ii) HSV-1(MP) completely failed to induce syncytia in RicR14 cells both after a high-multiplicity infection and in the plaque assay. (iii) In the ricinresistant cells mature forms of herpesvirus glycoproteins were absent, whereas the partially glycosylated precursors (pgC, pgD, and a triplet in the gB-gA region) accumulated infected BHK cells. The acidic glycopeptides from these cells are resolved into three classes (AI, All, AIII) which exhibit a varied degree of sialic acid content ( Fig. 7 and 8 ). This may depend either on a different antennary structure of the various glycoprotein classes (gB, gC, and gD) or on a structural variation commonly referred to as microheterogeneity, which is thought to arise because of a premature termination of carbohydrate side chains. Consistent with this view is the report that lysates of HSV-1-infected cells and HSV-1 virions contain several forms of gB, gC, and gD, differing from one another both in charge and in molecular weight (8, 18) . In the glycoproteins of HSV-infected, ricin-resistant cells differentially sialylated oligosaccharides did not occur, and the small amount of acidic glycopeptides showed a homogeneous high degree of sialylation ( Fig. 7 and 8D ). This implies that sialylation occurred to the highest extent in the few carbohydrate chains in which the branching process had taken place.
A conclusion to be drawn from the results reported in this paper is that HSV-1 glycoproteins do not (36) . Such phenomenon might be due to differential ability of the different cell lines to perform the glycosylation process.
Another conclusion to be drawn from these results concerns the relationship between alterations of oligosaccharide structure of herpesvirus glycoproteins, particularly the extent of glycosylation of gB on one hand and the infectivity of herpesvirions and virus-induced cell fusion on the other hand. Studies with inhibitors of protein glycosylation, e.g., with 2-deoxy-D-glucose (9, 16, 23) , tunicamycin (38) , and benzhydrazone (7), showed that both virus-induced cell fusion and the yield of progeny infectious HSV-1 are suppressed or reduced when glycosylation is hindered. In addition, Haffey and Spear (19) showed that in tsB5 mutants and their revertants the lack of gB and the presence of gA at the restrictive temperature correlate with the absence of virus-induced cell fusion and with the production of virus displaying reduced specific infectivity. They interpreted these results to mean that gB plays an essential role both in adsorption to and penetration into a cell of herpesvirions and in virus-induced cell fusion (19, 43 ; for a review, see reference 48) . Further study with a nonsyncytial mutant in the same complementation group, tsJ12, showed that failure to accumulate fully processed gB at the nonpermissive temperature correlated with absence of virion infectivity (26) . The present results show that the infectivity of herpesvirions does not necessarily require the mature form of gB. It should be noted that progeny HSV-1 from ricin-resistant cells exhibits in the gB-gA region a triplet of proteins which migrate slightly faster than gB and very likely are underglycosylated forms of gB. During the revision of this work, we learned that also with the use of two inhibitors of glycoprotein processing, namely, monensin (22a) and ammonium chloride (Kousulas, Bzick, DeLuca, and Person, submitted for publication), evidence was obtained that HSV-1 virions with immature forms of gB are infectious. Analogous to HSV-1 grown in ricin-resistant cells, vesicular stomatitis virus and Sindbis virus grown in lectin-resistant cells or in cells treated with tunicamycin are as infectious as virions produced in normal cells in spite of dramatic defects in the glycosylation of structural proteins (17, 41, 44) .
The results presented in this paper indicate that the block to glycoprotein processing in the mutant cells is associated with the inability of HSV-1(MP) to induce cell fusion. A similar effect was reported for Newcastle disease virus, which failed to induce fusion in CHO 15B cells (39) , a mutant line with enzymatic defects similar to those present in the cells used in this study. The absence of HSV-1(MP)-induced cell fusion in RicR14 cells could be due to the absence of a mature form of gB. Alternatively, it could depend on a defect of fusion-inducing activity governed by multiple factors of viral and cellular origin. Such factors, although not characterized so far, are, for example, (i) products of virus genes (19, 24, 28, 40, 42) , some of which have been localized in the physical map of the HSV-1 genome (27, 42) ; (ii) products whose fusion-inducing activity is differentially expressed in different cell lines (6, 19, 24) 
